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Introdution
Today more than ever, ultrahigh-performance and controlled heat transfer plays an important role in the development of energy-efficient heat transfer systems and fluids which are required in many industries and commercial applications [1, 2] . The idea of improving the heat transfer performance of inherently poor conventional heat transfer fluids (e.g. water, oil or ethylene glycol) with the inclusion of solid particles was first introduced by Maxwell [3] . However, suspensions involving milli-or micro-sized particles create problems (such as sedimentation, clogging of channels, high pressure drop, and severe erosion of system boundaries) and cannot be used in microchannel flow passages. For that, nano-sized particles dispersed in a base fluid, known as nanofluid [4] , have been developed, used and researched extensively to enhance heat transfer. Generally, the thermal conductivity of the particles, metallic or non-metallic, is typically an order of magnitude higher than that of the base fluids even at low concentrations resulting in an unquestionable heat transfer enhancement in forced convection applications [5] [6] [7] . But on the other hand, there is still a dispute on the role of nanoparticles on the heat transfer characteristics for the buoyancy driven flow.
Numerical method
The standard finite volume method, used successfully in many recent studies [19, 21, 24, 25, 29, 30] , is used to solve the coupled conservation equations of mass, momentum and energy. In this framework, a second-order central differencing scheme is used for the diffusive terms and a secondorder upwind scheme for the convective terms. Coupling of the pressure and velocity is achieved using the well-known SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm [31] . The convergence criteria were set to 10 -8 for all the relative (scaled) residuals.
Governing equations
For the present study, a steady-state flow of an incompressible water-based Au nanofluid is considered. It is assumed that both the fluid phase and the nano-particles are in thermal and chemical equilibrium. Except for the density, the properties of the nanoparticles and the fluid are taken to be constant. Tab. 1 presents the thermo-physical properties of water and gold at the reference temperature. It is further assumed that the Boussinesq approximation is valid for the buoyancy force. The governing equations (mass, momentum and energy conservation) of such a flow are [24] [25] [26] [27] :
where the cold wall temperature T C is taken to be the reference temperature for evaluating the buoyancy term in the momentum conservation equation. 
Geometry and boundary conditions
The simulation domain is shown schematically in fig. 1 . where the two vertical walls of a square cavity are maintained at different and constant temperatures  
HC
TT  , whereas the other boundaries are considered to be adiabatic in nature. Both velocity components (i.e. To study the heat-transfer characteristics due to the natural convection in nanofluids we introduced the local Nusselt number defined as [20] [21] [22] [23] :
where Nu presents the ratio of heat transfer rate by convection to that by conduction in the nanofluid in question, nf k is the thermal conductivity and nf h is the convection heat transfer coefficient of the nanofluid:
It should be noted that the local Nusselt number as defined by eq. (4) differs from the form that is still used frequently for the nanofluids, e.g [13, 26, 27] :
However, it is our belief that this definition of * Nu is inappropriate (from the thermo-dynamic point of view), because its value is always greater than 1.0 for 0%
 
and this, in turn, means, that the heat transfer in nanofluids cannot take place solely by the thermal conduction.
Finally, in the present numerical study, the heat transfer characteristics are analysed in terms of the mean Nusselt number [19] [20] [21] [22] [23] [24] [25] [26] [27] :
and the ratio of the nanofluid heat transfer rate to the base fluid one [21] :
at the same value of the base fluid Rayleigh number. In order to investigate the influence of volume fraction on the heat transfer characteristics, the Rayleigh and the Prandtl number of the nanofluid can be expressed as [21] : 
Grid refinement, numerical accuracy and validation
The grid independence of the present results has been established on the basis of a detailed analysis at 5 
10
bf Ra  and 10%
  using three different non-uniform meshes (elements were concentrated towards each solid wall), the details of which are presented in tab. 2. The table includes the number of elements in a particular direction, as well as the normalized minimum cell size.
With each grid refinement the number of elements in a particular direction is doubled and the minimum element size is halved. Such a procedure is useful for applying the Richardson's extrapolation technique, which is a method for obtaining a higher-order estimate of the flow value (value at infinite grid) from a series of lower-order discrete values [32, 33] . It can be seen that the differences in the grid refinements are exceedingly small and the agreement between mesh M2 and the extrapolated value is extremely good (the discretisation error levels are smaller than 0.40 %). Based on this, the simulations in the remainder of the paper were conducted on Mesh M2 which provided a reasonable compromise between high accuracy and computational efficiency. In addition to the aforementioned grid-dependency study, the present numerical results have also been compared against the well-known benchmark data of De Vahl Davis [23] and recent results of Turan et al. [34] for natural convection of the Newtonian fluid in a square cavity for the Rayleigh number values ranging from 3 10 to 6 10 . The comparisons (summarized in tab. 4) between the present simulation results for the mean Nusselt number with the corresponding benchmark values were found to be excellent and entirely consistent with the aforementioned grid-dependency analysis.
Results and discussion

Temperature and velocity flow field
It is useful to inspect the distributions of dimensionless temperature  and dimensionless vertical velocity fig. 3a illustrates that the thermal boundary layer thickness next to the heated wall is influenced by the addition of nanoparticles to the base fluid. This sensitivity of thermal boundary layer thickness to the volume fraction of nanoparticles is related to the increased thermal conductivity of the water-based Au nanofluid. As a matter of fact, increased values of the thermal conductivity are accompanied by the higher values of thermal diffusivity and the higher values of thermal diffusivity result in a reduction in the temperature gradients and, accordingly, increase the thermal boundary thickness as demonstrated in fig. 3a . Finally, this increase in the thermal boundary layer thickness reduces the Nusselt number values. Fig. 4 presents the variation of the mean Nusselt number along the heated wall with the Rayleigh number. For smaller values of the base-and nanofluid Rayleigh number there is no convection in the nanofluid or the base fluid, and the heat transfer occurs due to pure conduction, so the mean Nusselt number equals 1.0 and its value is independent of the Rayleigh number. As the base fluid Rayleigh number increases, the nanofluid remains in the conductive regime, while convection appears in the base fluid. The point of occurrence of the convective heat transfer regime (i.e. the critical value of the base fluid Rayleigh number at which the mean Nusselt number equals 1.01) depends on the volume fraction of Au nanoparticles. The higher is the value of volume fraction, the more delayed is the onset of convection (fig. 5a ). When the nanofluid is in the convective heat-transfer regime, the mean Nusselt number is a monotonic increasing function of the Rayleigh number (figs. 4 and 5) and attains lower values for higher nanoparticles' volume fraction ( fig. 4) at a given base fluid Rayleigh number.
Mean Nusselt number
On the other hand, it is interesting to notice that the onset of convection occurs at the same critical value of the nanofluid Rayleigh number, i.e. fig. 5b) . Moreover, the value of the mean Nusselt number at a given nanofluid Rayleigh number is practically independent of the nanoparticles' volume fraction ( fig. 4b ) which is consistent with the earlier findings in the context of the natural convection of generalized Newtonian fluids [22] as well as Au nanofluids [19, 21] . This finding is a reflection of the nanofluid Prandtl number values considered in the present study. Its value varies (decreases with the increasing volume fraction as shown in fig. 2b) Pr  ) the hydrodynamic boundary layer thickness remains much greater than the thermal boundary layer thickness, and thus the transport characteristics are driven primarily by buoyancy and viscous forces, which is reflected in the weak Prandtl number dependence of the mean Nusselt number. bf Ra  the nanofluid remains in the conductive regime, while convection appears in the base fluid. The heat transfer is more important in the base fluid than in the nanofluid and the ratio of the heat transfer rate is on a decrease. After the onset of the convective heat transfer regime in the nanofluid, the ratio of the heat transfer rate is on an increase but remains lower than the ratio that is obtained when both the nanofluid and the base fluid are in the conductive regime. Finally, in fig. 6b , we observe that the heat transfer can decrease or increase depending on the value of the base-fluid Rayleigh number. It is true that the addition of Au nanoparticles in water increases its thermal conductivity, and, therefore improves the conductive heat transfer in the nanofluid compared to conductive heat transfer in the base fluid. But, on the other hand, just after the onset of convection adding nanoparticles enhances the heat transfer only for a given values of the temperature difference.
Heat transfer rate
Last but not least, the present conclusions can be extrapolated to other water-based nanofluids (e.g. Cu, TiO 2 and Al 2 O 3 ), since their nanofluid Rayleigh and Prandtl number values are within the range of the present (i.e. water-based Au nanoparticles) Rayleigh and Prandtl number values.
Conclusions
In the present study, steady and laminar natural convection of water-based Au nanofluids in a square enclosure with differentially heated vertical walls have been studied by numerical means. The effects of the base-and nanofluid Rayleigh number and solid volume fraction on the heat and momentum transport characteristics have been investigated systematically.
The influence of computational grid refinement on the present numerical predictions was studied throughout the examination of grid convergence. By utilising extremely fine meshes the resulting discretisation error levels are below 0,40%.
The numerical method was validated for the case of Newtonian fluid natural convection in a square cavity for which the results are available in the open literature. Remarkable agreement of present results with the benchmark results yields sufficient confidence in the present numerical procedure and results.
Highly accurate numerical results pointed out some important points, such as:  In the side heated square cavity configuration, just after the onset of convection, there is more heat transfer in the base fluid than in the nanofluid. For a fixed value of the base fluid Rayleigh number, the nanofluid Rayleigh number decreases with the increasing volume fraction of nanoparticles. Thus, the nanoparticles delay the onset of convection.  The onset of the convective heat-transfer regime occurs at the same value of the nanofluid Rayleigh number.  In the convective heat-transfer regime the mean Nusselt number increases monotonically with the base-fluid Rayleigh number, but the mean Nusselt number values obtained for the higher values of the nanoparticles' volume fraction are smaller than those obtained in the case of the base fluid at with the same nominal values of the base fluid Rayleigh number.  The values of the mean Nusselt number at a given nanofluid Rayleigh number are practically independent of the nanoparticles' volume fraction.  The heat transfer rate can decrease or increase depending on the value of the base fluid Rayleigh number. So, an addition of nanoparticles increases the heat transfer only for the given values of the temperature difference.
